. Since mature spermatozoa have no protein synthetic ability, the adenylate cyclase in this cell type must be synthesized at a specific developmental stage in which this distinctive Mn2+-sensitive adenylate cyclase appears in the testis. The properties of the distinctive adenylate cyclase system have been studied during its development in testis and epididymal sperm. It has been found that the properties of the Mn2+-sensitive adenylate cyclase in testis and sperm homogenates are similar. However, upon centrifugation, the bulk of activity in testis is in the soluble fraction of cytoplasm whereas in sperm, the adenylate cyclase system is firmly associated with membranes.
enzyme increased substantially during the period of spermatogenesis when spermatids develop into mature spermatozoa, and reached maximal values in the testis of adult rats. After centrifugation of testis tissue homogenates at 105,000 X g for 60 min, the Mn2+-sensitive adenylate cyclase activity was found in the cytosol. The enzyme remains in solution after centrifugation at 300,000 X g for 5 hr or at 180,000 X g for 24 hr and passes through a 0.22 /Am Millipore filter. Electron microscopic examination showed no visible membrane fragments or vesicles in the filtered supernatant. The Mn2+-sensitive adenylate cyclase system is also present in epididymal sperm. However, in the sperm obtained from either the caput or the cauda of epididymis, the adenylate cyclase is membraneassociated and found in particulate fractions of sperm homogenates. It therefore appears that the Mn2+-sensitive adenylate cyclase is initially present in the cytoplasm either unattached or loosely bound to intracellular membranes and becomes firmly attached to sperm membranes later in development. This occurs either during the process of maturation of spermatids into sperm or duting the transport of the testicular sperm into the epididymis. Adenosine 3': 5'-cyclic monophosphate (cAMP) generated by the adenylate cyclase [ATP pyrophosphate-lyase(cyclizing), EC 4.6.1.1] system has been implicated in the regulation of sperm metabolism and motility (1, 2) . Adenylate cyclase activity has been demonstrated in all mammalian spermatozoa thus far examined, including the rat (3) (4) (5) (6) (7) .
The rat sperm adenylate cyclase exhibits special features not displayed by adenylate cyclases of a variety of rat tissues, as well as by certain testicular cyclases, which are stimulated by FSH and LH (6, 7) . The adenylate cyclase systems of rat somatic cells generally are membrane-associated and found in the particulate subcellular fractions of homogenates, depend for activity on either Mg2+ or Mn2+ and are stimulated by hormones specifically and by fluoride nonspecifically (8 FSH and LH (6, 7) . Since mature spermatozoa have no protein synthetic ability, the adenylate cyclase in this cell type must be synthesized at a specific developmental stage in which this distinctive Mn2+-sensitive adenylate cyclase appears in the testis. The properties of the distinctive adenylate cyclase system have been studied during its development in testis and epididymal sperm. It has been found that the properties of the Mn2+-sensitive adenylate cyclase in testis and sperm homogenates are similar. However, upon centrifugation, the bulk of activity in testis is in the soluble fraction of cytoplasm whereas in sperm, the adenylate cyclase system is firmly associated with membranes.
MATERIALS AND METHODS
Rats (Charles River CD®) of various age groups were used. Immature rats younger than 21 days were kept in groups of ten with their mothers. Purina chow diet and water ad lib were provided to nursing mothers, suckling and weaned (more than 21 days old) rats. They were maintained at a temperature of 22-23°and a 14-hr light and a 10-hr dark period each day.
[a-32P]ATP was purchased from International Chemical and Nuclear Corp., creatine phosphate and creatine phosphokinase (skeletal muscle, rabbit) from Calbiochem.
The rats were sacrificed by decapitation and the testes were removed, decapsulated, freed of visible blood vessels and placed in ice-cold 5 mM Tris HCl buffer (pH 7.2) containing 3 mM MgCl2 and 1 mM EDTA (5 mM Tris buffer). In experiments where seminiferous tubules and interstitial cells were separated, the testes, after being excised, were placed in icecold Krebs-Ringer phosphate buffer (pH 7.2) containing 10 mg of bovine serum albumin per ml (KRP-BSA), with half of the usual calcium ion content replaced by the equivalent amount of sodium.
Seminiferous tubules were isolated from testes by microdissection using procedures previously described (9) .
Interstitial cells were isolated by collagenase (Worthington; 1 mg/ml per 100 mg of tissue) treatment of testes for 5 min in a metabolic shaker at 60 cycles/min; cells were separated from the undigested tubules by filtration through a double layer of nylon mesh, and washed four times with KRP-BSA buffer. The cell fraction thus obtained is enriched with interstitial cells and is usually composed of 65% interstitial, 15% tubular, and 20% erythrocytes.
Spermatozoa were collected in 5 mM Tris buffer from the caput, corpus, and cauda of epididymis. The epididymis was ligated in situ into these portions and separated accordingly after excision. Preparation of Tissue and Cell Homogenates. Seminiferous tubules and the interstitial cell fraction were washed twice in 5 mM Tris buffer before homogenization. Homogenates were prepared in the same buffer in tight-fitting glass Dounce homogenizers using three to four strokes for testicular tissue preparations and 20 strokes for epididymal sperm. Homogenates were filtered through glass wool. Subcellular fractions from whole homogenates were isolated by differential centrifugation in the Sorvall model RC2-B centrifuge at low speed (600 and 10,000 X g X 10 min) and Beckman model 12-65B ultracentrifuge at higher speeds. Adenylate cyclase activity was determined by measuring the rate of conversion of [a-32PI-ATP to [32P]cAMP. The assay procedure was essentially similar to that described by Bar and Hechter (10) with minor modifications. The incubation mixture contained, in a total volume of 50 Al: 40 mM TrisHCl buffer (pH 7.6); 5 mM Mn2+ or Mg2+; 0.5 mM unlabeled cAMP; 0.1% bovine serum albumin; 10 mM creatine phosphate; creatine phosphokinase 0.1 mg/ml; and 0.2 mM [a-S2PIATP. The Mn2+ was added to the incubation mixture 10-15 min before the start of the assay to prevent oxidation of Mn2+ (11) . The The Mn2+-sensitive adenylate cyclase activity in the cytosol fraction isolated from testis homogenates was not sedimented by further centrifugation either at 180,000 X g for 60 mm or 105,000 X g for 24 hr or -at 300,000 X g for 5 hr (Table 2) . After filtration of the high-speed supernatant through 0.22 Am millipore filter, the adenylate cyclase activity was entirely in the filtrate (Table 3) . Moreover, the high-speed supernatant fraction filtered through millipore filter did not contain membrane fragments or vesicles when examined by electron microscopy of negatively stained preparations.
Localization of the Mn2+-sensitive "soluble" adenylate cyclase activity in the seminiferous tubules of adult rats
The activity of the Mn'+-sensitive adenylate cyclase in whole testis, isolated interstitial cells, and seminiferous tubules was compared. The bulk of enzyme activity present in the whole tissue was recovered in the seminiferous tubules isolated by microdissection (Table 4 homogenates of rat 14-days old (Fig. 1) . At this developmental stage the tubular epithelium is composed primarily of Sertoli cells, spermatogonia, and primary spermatocytes. Adenylate cyclase activity in high-speed supernatant was first detected in rats 22-to-26-days old, at the developmental stage when the first spermatid cells appear and the rapid rise of its activity between 26 and 35 days of age correlates with the appearance of a considerable number of spermatids. The Mn +-sensitive enzyme activity reaches its maximal plateau values in adult, sexually mature rats. Distribution of the Mn'+-sensitive adenylate cyclase activity in subeellular fractions of epididymal sperm In contrast to the Mn2t-sensitive adenylate cyclase activity in the seminiferous tubules, the adenylate cyclase in the epididymal sperm obtained either from the caput or cauda was associated mainly with the particulate fractions which sedimented at 10,000 X g for 10 min and 105,000 X g for 60 min (Table  5) . associated primarily with the cell plasma membrane in various mammalian cell types and in some few cases with intracellular membranous structures (8) . Our present findings reveal, however, that the distinctive Mn2+-sensitive adenylate cyclase in the seminiferous tubules is entirely in the cytosol. These findings suggest that the germ cell adenylate cyclase in the testis is present in the cytoplasm, unattached or loosely associated with intracellular membranes. Upon transfer of sperm from testis to epididymis, the adenylate cyclase in sperm, whether obtained from the caput, corpus, or cauda of the epididymis, is now found to be firmly membrane-associated. It is found associated almost entirely with "mitochondriar' and "microsomal" particulate fractions following differential centrifugation of sperm homogenates. The attachment of the Mn2+-sensitive adenylate cyclase to sperm membranes occurs in testis either in the maturing spermatids or during transport of testis sperm into the epididymis. Our present findings suggest that in the germ cell, the adenylate cyclase system and the entity required for its inclusion into the membrane either do not develop at the same time or are brought into association after being synthesized at a certain developmental stage. Both the nature of the entity and the mechanism of this phenomenon are unknown and merit further investigation. The biogenesis of the molecular components of the adenylate cyclase system and their assembly in the membranes is unknown. The phenomena associated with the formation of the germ cell adenylate cyclase and its association with membrane(s) during further development might be a useful developmental model for gaining some insight into these questions.
We do not know whether the "soluble", Mn2+-sensitive adenylate cyclase in the seminiferous tubules represents merely a developmental stage in the formation of the germ cell cyclase system or whether it has a yet unexplored role in the synthesis of specific structures and in the transformation of the spermatid cells into spermatozoa. These questions merit further investigation. Since the tail of the sperm is formed during the process of conversion of spermatids into mature sperm, it is of interest to recall a previous observation by Yokota and Gots (19) , i.e., "cAMP is absolutely necessary for flagella formation and hence motility, in cAMP-deficient mutants of Escherichia coli and Salmonella typhimurium".
